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1. INTRODUCTION AND SUMMARY

This report describes the work on NINDS Contract No. NOT-NS-4-2310 during the period
November 29, 1995 o Februarny 28, 1996, As part of the Neural Prosthesis Program. the broad
objectives of the present fundamental studies are: 1) to evaluate the electrochemical processes
that occur wt the electrode-electrolyvie interfuce during pulsing regiments characteristic of neural
prosthetic applications: 27 1o establish charge mjecuion hmits of stimulation electrode materials
which avoid irreversible electrochemical reactions; 3) to develop an in vitre method. which can
be apphicd o vivo. for determining the electrochemical real area and stability of microelectrodes:
4 1o develop new materials which can operate at high sumulatuon charge densities tor
nicrostimulation. and 51 o provide electrochemical and analvucal support for other research
cotnrties m tie Nearal Prosthesis Prograni at NINDS.

Long term ~tabihiny studies of o U Michigan iibbon cable-probe which were mitated 1n
e Nith Juarter were continued. Atter remaininy nearhy constant tor the first 76 days ot souking
im0 N PBS. the electrochemically active surfuce arca of the Ir mucroelectrode increased
nretond hased on the apparent capacitance at high sweep rates. The evelic voltammograms also
<howed imereasing current in the svmnictrical peaks representative ot oxide growth even though
the clectrode was notmtentronalhy activated

Studies were miiated this quarter to determine the cause of the “acuvanon™ of the Ir
microclectrodes dunng our testng procedures hecause this activation prohibits guanoitative

chalvsis of e geomietnie propertios of  the electrades by the Ruowechniques Cyvelie

38

voltanmmograns in aerated PBS were twken prior o the Ru scan rate study on one site ot a
nbbon-cabie probe During these sweeps some activauon occurred despite restricung  the
potential bnuis toovalues that are generally notexpected o lead 1o oxide growth. Because ot this
oxide grow i corrections tor the background current to the data from the scan rate studies
uthizins mass transport of Ru hexaammine could not be made tor the higher sweep rates.

Further modifications were made mthe design o1 the hd of the cell 1o test the ribbon

cubic eiectrodes  under condinons which ngoroushy excluded oxyvgen.  Electrochemical

Hpedance spedttoscopy (EIST was run on one site ol g new ribbon cable probe to determine if



any actuvaton occurred during these measurements. The results based on the CV of the site
before and after EIS showed that very little activaton had occurred.

The EIS of the unacuvated Ir site on the ribbon cable was made in a deaerated PBS
solution and a soluton with some oxygen present. A principle feature of the EIS data is the
decrease 1n the impedance of the electrode at low frequencies and negative bias when oxvgen is
present. This response 1s consistent with the reduction of oxvgen on the electrode. The initial
attempts were made to fit the EIS data to an electronic circuit diagram. Preliminary results show
that measurements at sufficiently high frequency may be useful to separate the double laver
capacitance of the Ir metal surface from the capacitance of the oxide on the film.

The electrochemical characterization studies of the ribbon electrode in the new.
improved. ar-tight cell will be continued in the next quarter and expanded to include
purposetully activated Ir sites. The studies will include cvehie voltammetry. EIS. and pulse
simuiciorn We sl also begir evaluating Ru/Ir mixed oxide as a possible electrode material for

hienaensiy charge sumuiation or o maiertal with enhanced stabiliny under pnlse conditions.



2. VOLTAMMETRY STUDIES ON Ir MICROELECTRODE

During this guarter we continued studies of the long term stability of Ir sites on a probe
with an integrated nibbon cable recenved from UL Michigan.  We also evaluated the
clectrocheniicdl surface arca ot an additional ribbon-cable probe under modified conditions. A
third probe was monitored for site integrity using a combination of cyclic voltammetry and
impedunce spectroscopy. The integrated ribbon cables allow long term soaking studies without
any structures other than those fabricated on the wafer being exposed to the electrolvte solution
which avords the previous problems with electrolyte penetration beneath the epoxy covering the
contact pads Froure 200 s @ diagrammatie representation of the probe showing the numbering

sohieme tor the ciccirode sites

— ] B I I 3 1]
/
Stic Ny t 2 3 3 4
Foowre 200 Schenmatic representation oi UL Michigan nibbon-cable probe and numbenng

ol tor e electrode sites

Modifications of Test Cell.

B}
—

Last guaricr a cell assembly was tubricated 1o hold o nibbon-cable probe senu-
nermanentls ab e tived posiiion i the cell The hid of the assembly was moditied this quarter to
cnfhnce the abibny e dewerate thie soluton and exclude air from entering the cell during the
quicseent clectocnenacal testng Figure 2.2 05 @ schematie diagram of the hd and assembled
sstem T rereriee and counter electrodes are fited ughtly o the hd. The purging gas injet
and eahidust are connected o an argon tank and gas bubbler. respectively. The ribbon cable of
the prohe s seafed with dental wax i a capillary wibe which extends into the cell. The tube
prevenis e roabon from flexing o much i the solution and protects the probe from madvertent

contact withobe other comsponents i the cell The Microdot receptacle for the plug attached 1o
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the U Michigan nbbon-cable probes.
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the ribbon cuble 1~ mounted on the 1d and provides @ firm anchor for the leads to the electronic
mstrumentation. The reference electrode 18 a double junction Ag/AgCl electrode. No. MI-403.
from Microelectrodes. Ine.. Londondern. New Hampshire. The counter electrode 1s @ 0.05 cm
digmeter PUowire mounted 1 Kel-Foo Noo MWI0320 from Bioanalvucal Systems Inc.. West
Latwvete, Indiuna The PUwire extends about 3 1o 4 cm into the electrolyte to give an areu

approx:muately 08 S
2.2. U. Michigan Ribbon-Cable Probe 1. Site 1.

Elecizochenival studies on site 1 oof UL Michigan ribbon-cable probe | were contunued
s quarter Test procedures and results of the first 35 duys of electrochemical testing were
deseribed in Uie Quarierly Progress Report Noo 500 This quarter an abbreviated oyche
voltammetny tes protocol was emploved o momitor the electrode status during the Jong term
sodhing peried rons 25 davs o 108 davss Data was collected at sean rates ot 0.05, 10, 20. 30,
T00 and 200 Vo The measurements were made by sweeping the potental troim +0.1 N 1o -0.4
\othen Lo =02 N and back o #0012V v AgrAeClin aosolution of deaerated 001N PBS
woltron  The comrent an the negative going sweep at O volts vae Ag/AeCl wus taken as the
restdual current and dsed o caleulate the apparent cepacitance from which the electrochemical
“UTTace wred s osbiated as disctssed below Fresh PBS solution was putin the celt prior to each
wournt rate stady and deacrated for 122 hours betore begmmng the study . The probe was soaked in
PBS ~claton hetweon scan rate studies

Tabie 21 isis the backuround current obtuined from the seven studies pertormed this
quarter along with the comparable data from the complete scan studies conducted lust guarter.
Froure 2 3 plois the apparent cuapacitance. C o oas a tunction of the scan rate for each study. Cupy
v caleulated by dividing the current at 0V vs AgZAeCh by the scan rate. thus Cypp = Q/V = v
where v the socan rate Theoretically, Co will approach a constant value at high scan rates
where there are no contributions to the current trom faraduie reactions. The apparent capacitance
1vessentelv o do measurement of the double laver capucitance There will be no contribution
frent othier sources of capacitanee such as the ribbon Jeads. This capacitance. therefore. 18 not

cutraiont o that determimed by the impedance measurements at 1 kHz.

Y



Temie 20 Current measuremenis 1or the en ~can rate studies on site | of U Michigan ribbon-
cuble A\\bL Noob

Stwdy o Doy voveg gl [0 20 50 100 2010

N Souked Current (nA '~
¥ IR 62 11.0 203 453 79

Z 5 013% 99 18.8 116 13 126
R :3 0142 R 214 450 79 134
4 A 0150 124 218 383 83.5 138
s Su 0144 123 214 46.0 78.5 130
o U U148 |22 214 160 82.0 129
- s U136 115 212 46.0 82.5 127
B < 0240 220 423 109.5 I51 26
G U 1226 230 585.0 128 230 363
e SN 254 343 63.0 |36 246 200

CCument 0N s A ALCEA M NGC] measured from voltammogram teken in PBS

Tre cocrocienia surtace area (ESA L 01 the electrode 18 determiined by dividing the
e specilic double fever cupacitance o indium metad 1o dunioult
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Tased on o sem Sesomplion measurements showed thal (Vpical roughness factors for polished
Dlieniwas 2500 32T Comrecung the value of 65 uFreme for roughness would give a value of
D2 leuF oasredd These values are close (o the value of 30 uFem: real reported for Ir meta!
TOpTesenoe D onenide compare™ie o thal in PBS (21 We will continue to use the value of 25
CEOmT o caidleaie the erectrochemical surface ares based on capacitance.  Despriie this
SOeRTLanty % e wDsolute magnitude of the ESA based on capacitance. changes in the value for
ne eiectrode wnd comparisons between electrodes with the same tvpe and geometry of Ir provide
s usetul method to monitor differences 1n the condition of«he electrodes.
The ESA calcuiated from the C e values at 200 Vs for the ten studies are listed in Table
-2 The ESA inoreused rrom 1390 pnf o 2520 um: in the & davs between studies | and 2. The
c.eCliuceimice, wica estimates from the steady state current in the Ru study. discussed last

Gedlier s essertially unchunged duning this period  During the next 68 davs. the ESA
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Table 2.2 Dimensions of site 1 on U. Michigan Ribbon Cable-Probe No. 1.°

Study No. Davs Soaking Area from Cypp (um™) "
j 1-2 1590
z 7-8 2520
3 35 2680
4 52 2760
s 39 2600
6 70 2580
7 76 2540
& 91 5280
Y 100 7300
10 108 8000

T Nominal ared of electrode site 1y 600 um-.
- Culeulated rrom current measured at 200 Vs in PBS using double laver

Capaciiunce of Ir metal or 25 uCiem™,

fTuctuared shighiv with ats highest value reaching 2760 um . returning o 2340 um™ on day 76.
Betweer the “otn and Yist duv. however. there was a significant increase 1n the ESA 1o 5280
um” From here ine ESA contnued o inerease witn each scan rate studyv. finallv attaiming a
Vaae o MO00 Lty the JOStH day o soahing

As Coscassed e Quarterly Report Noo 50 the observed increase 1n the residual current
could be causel by one or a combination of three factors: nsulation fallure. formauon of oxide.
andsor redecton of oxnygen. The overull shape of the cvehic voltammograms did not change
stgnificanty over the sosking perniod indicating hittle deterioration of the insulation. Figure 2.4
shows the avadic voltammograms measured at 0.05 Vs and 200 V/s for dav 35 and day 108, The
cathodic pean at -0 1NV v AgfAeCl evident at the 0.05 V/s scan rate could be due to reduction of
erther indium oxide or oxvgen n solution or adsorbed on the electrode.

To evaluaie the cause of the increased residual current, the potenual window for the
cychie voltummogram was extended to +0.6 V' vs. Ag/AgCl to include the region where the
oxidanon-reduction reacuons of indium  oxide occur.  Figure 2.5 shows two cyclic
voltammograms on site ] over the extended potential window, the first taken on day 34 and the
second on day 113, The peaks centered around +0.2 V vs. Ag/AgCl indicate the presence of

some oxide on the electrode even though 1t was never intentionally activated. The current in

these peaks is jargerin the CV taken after 113 davs of soaking indicating additional oxide on the
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Conpartson of the ovehic voltammogranis of sie 1 on U Michigan ribbon cable-
prohe o boacguired onoday 35 et and dav 108 iright - The apparent
Capediiance was detesnnned tromy the current at OV i the 200 Vs sean rate. The
cloctrolvie was deacrated 000N PBS und the potential scale 1s referenced to
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Companison of voltummograms over a wide potential range to evaluate oxide
growth on U Michigan nbbon cable-probe no. | site | acquired on day 34 (sohd
finey and dav 113 tbroken linej. Electrolvie: deaerated 0.1M PBS. Scan Rate:
005\ /s Potential scale Vovs. Ag/AeClh



electrode We believe the cathodic peak at 0.1V vso Ag/AeCl seen at 0.05 Vs in Figure 2.4 1s
the reduction ot oxide The lower positive limut of the ovelic voltummogram shifts the oxide
peak 1o more negatinve potentials than i Frgure 2.5 The additonal oxide found after longer
sodking tmes may explaim the increase of the current 1 the scan rate studies given in Table 2.1
It this 1~ the case. then the areas caleulated from the current measured at 200 V/s are not correct
because the capacitance per untt area tor indium oxide 1s larger than the value of 25 uF/cm: used
for bare Ir metal For these measurements. therefore. it s not necessary to invoke the presence of

residual oxygen in the electrolyvte to explain the apparent increase in the geometric area of the

electrode

2.3, U. Michigan Ribbon-Cable Probe 2, Site 5.

Another nbbon-cable probe with Ir microelectrodes trein the UL Michigan group was
tested o demonstrate it the presence of oxveen 1 the system 1y leading to actuvation of the
clectrode auring the aree deiermination using the Ru techmgue  The UL Michigun did not
micdasdre the mpedance at b kHz ot this electrode betore sending 1t 1o us 10 assure that there was
pocprescination T Prior to placing the probe mito Ru hexaammine solution for the scan rate
stadv s Ui probe was placed o PBS solution that had not been deaerated. This solution will be
rererred toods Tnon-deacrated T PBS 0 The electrode was then oveled ar .03 VY from an initial
potential o =003V v Aw AcCh o -0 4V up to +0.5V0 buck oo 04V and then returned o
+0 SN Ths voltage sequence msured that any oxide present would be mmats reduced state.
Moreover. the potential window also should detect the presence of any oxide on the Ir metal
The current in e cvehie voltwmmograms of sites 103 and 4 of the probe was unusually small.
aithough there was continwty . The OV tar sites 205 and 6. snown in Figure 2.6, had currents
comparable e that of the previoushy tested ribbon electrodes and showed no evidence of being
tactnated T Siie T owas chosen for turther tesung because 1t is farthest from the solution-
atmosphere mtertace see Figure 2000

Cyvelie voltummograms were measured over the sweep rates from 0.001 o 200 V/s in
solutions woih R hevaamniine dissobved in phosphate-buftered saline. pH 7.3 (PBS . Atter the
Rihevaamnine porion of the study . a OV non-deaerated PBS was taken. Comparison ot the

voltannecrats on non deacraied PBS wt .03 Vs ot site S hetore and atter the Ru

[N IS
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Figure 2.6 Cyclic voltammograms of the six sites on the U. Michigan ribbon-cable probe No.

2 1n non-deaerated 0.1 M PBS at 0.05 V/s before and after the scan rate study on
site & Potential scale: V vs. Ag/AgCl



hexaammine meuasurements shown i Frgure 2.7 reveal that the site was somewhat activated
during the study Buckground measurements at each scan rate were then taken in deaerated PBS.

Atter the background measurements 1n PBS. each site was cveled again using the wide
potential window 0.1 M PBS that was acrated. The C\'s are shown in Figure 2.6 to comparce
with those obtuined betfore the Ru scan rate study. The CV on site 5. the tested electrode,
indicate signiticant onide growth while those on sites 2 and 6 show evidence of shght activation.
For sites 3 and 4. the CV's show little acuvity as was observed before the ruthenium
hexaammine testing The most dramatic change was 1n the CV for site 1. Atter the scan raice
study s the OV was more similar to those on sites 2 and 6. whereas before the study it resembled
the CNTvon site 3 and 40 This site may have been dirty™ with some insulating contamination
and hecanie cicar during the soaking period in solution,

The voltumnietrie data from the scan rate study corrected for the charging and residual
current are hsted o Table 2230 No results are histed for sweep rates above 0.1 V/s because the
currents 1w the background voltammogram at potentials before the Ru reduction wave were larger
thar those ebtaned when the ruthenium hexaammine depolarizer was present. Because of these
Lrce hackoround currents we also could not observe the disunct cathodic and anodic peaks
exvecicd wn highior sean rates The enhanced background can be caused by incomplete removadl
of oaveen 1 e Pachground PBSL the presence of oxade on the iridium. or some aspect ot the
sructure of the electrode tisell such ws an edge ettect or porosity of the Ir filme Oxygen can be

fon pecatae ot the slower seun rates there was no significant current observed for oxveen

ChU
rediction As mentioned above. however, site 3 did appear to have some oxide on it

The corrected voliammograms obtaned at scan rates trom 0.001 to 0.010 V/s were sigmotidally
shaped wnd thie forward and reverse peaks coincided. The maximum current was independent ot
soun Taies and s thus the steady state current. 40 From 0.020 V/s 1o 0.100 V/s the forward und
reverse cunves cotncided al the plateau but were sepurated on the falling and rising portions of the
voltamimogrant - Since there were no peaks observed in the voltammograms. we have used 1,
mstead of 10t designate the masimum current at the platcau. The half wave potentials. "Ep . are
constant indicating httle 1R drop. but lie negaunve of the value of -0.170V v Ag/AgCl which 1s

obtaned on e metal under conditions ot inear diffusion control. The absolute values of the

current tuncnion. ooy decrease withimereasing sean rate throughout the range of scan rates.
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Table 2.3 Duta tor electrochemical study 1 on site S of UL Michigan ribbon-cable probe No. 2°

Scan Rate Halt-Wave Potenual - Maamum Current Current Function Disk Radius
Sl

N B SRR 1, {nA) v T (nAV N (L
(O] - 1Y -4.66 -147 12.6
0.002 - 1Y -1.68 -103 13.5
(0.003 019 -4.60 -635.1 131
0010 019 -4.66 -46.7 13.1
0020 0.1y -4.74 -33.5 13.]
U030 -0 19 -4.94 =221 13.0
{100 -0 jY 514 -16.3 128

© Reduction of ruthenium hexaammine 1 a soluton of 1.34 mM RutNH.Cly in PBS corrected
tor restdudl und charging current in PBS alone. Potentials are v Ag/iAeCE 3 M NaClL
Caloutated trons the mavnnuns casrent using BEgs. oy and 20 which essumie electrade 1 a disk.

Fhese resulos are consisicnt with the site behaving ke w disk electrode under concitions in wiich
the mass transpostis controiled by nontinear dittusion.
Ui cquation we tsed previous)y to caleulate the radius o the

The data vere it ot

clectrodo. 1 assunis st fas the samie area as a disk [4.3]
20 e U IRTD =03 pexp =it p, - o6 =00 3pexpr =117 pi+ 0357 (11
Where O s e concentration of the ruthenim hexawmmine i mol cm o F s Faraday s

constar Ko cas constant T the absolute wemperature. Dothe ditfusion coetficient for the

. . . - o S
ruteniun bovearinnne 1 PBS 683y 1O cne s sand pos

. (-
AN A

=y — .

DRI

The results wre given m the last column ot Table 2.3 There iy a steady decrease 1n the radius. as

For the two slowest scan rates. the corresponding area of the electrode

i

the ~w (S Fale e ICdsds

oSOl which agrees very well with the geomietiie arew

I



Using an average value of 465 nA for the steadyv state current in the equation for the
£ g \ q

current at a disk electrode. Eg. (3. a value of 13.4 um 15 obtained for the radius of the electrode.

r=i./4nFCD

(5%

This value 15 very close to those of 13.5 um and 13.2 um obtained from the first two scan rate
studies on site [ ot ribbon cable probe No. 1 reported in Quarterly Report No. 3. The value is not
stgniticantiy ditterent than that derived from Egs. (1) and (2.

A constant value for the current function at the higher scan rates indicative of linear
diffusion was not obtained within the limited range of scan rates for which background-corrected
voltummograms were available However. the plot of 1,177 vs. w17 was linear over the range of
sean rates 00T 10 0 1 Nys characteristuc of non-hinear diffusion. Using the relationship between
the manmum carrent and the scan rute developed by Nicholson and Shain [6] for a spherical
crovirode. BEoowe caleulated the radius and areas AL of the site from the intercept and slope.

restedtinvegin

nChHa |

(26910 TCD' A 4

It VT

= 0TI

Toe e entaned troms the It to Egov3owere 145 um for the radius and 103 um- for the area.

nese vabdes arcovery different rrom those bused on the steady state currents at Jow scan rates. In

ddaiiien mere s ne agreement between the value of the urea caleculated from the rudius and that
deternuned diredty Iron the it of the dute. The inconsistency of the results 1s due 1o the

Sens It L tne value tor the ntercept. For our data. which 1s taken over such « short range of
slow sweep rates. the intercept 1s poorly defined despite the good linearity of the plot of Iy '~ vs.
v 7 The radius values calculated from Egs. (1) -(3) are considered more reliable.

The values of the steadv state radius and area are virtually identical to those values
caleuluted 101 site | on nbbon-cable probe No. 1 from theefirst scan rate studv. This observation-
indicates the electrochemical behavior of the two sites, R1-S1 and R2-S3, was similar in the slow
sweep rate region of the scan rate study. However, the electrochemical surface area calculated
from the apparent capucitance at 200 V/s of 4560 pmj for R2-S5 was almost 3 times that for site
I'on mbbon cable No. 1. The area of site 1 did not reach a comparable value unti] the probe had

been souked for Y1 days when area based on the capacitance at 200 V/s reached 5280 um”. The

20
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Fiowre 28 Companson of Codetermined in three scan rate studies tor Ribbon Cuble-Probe |
<o b and one study of Ribbon Cable-Probe Zsite 5.
Coootor e two clecirode sites are plotted m Figure 2280 The higher values ot Cop could be

atirneied to the activation ot the I sites or to the structure of the electrode discussed below.
Table 24 ~ummuanizes the electrochemical measurements that have been made on U
Michizan sputtered imdiun planar elecirodes by EIC Laboratories in this contract and previous
vears (4.7 Alsoancluded are the results for an I wire ultramicroelectrode with a faceted surtace
obtained troms the Hunungton Medical Research Institute. The ribbon cable electrodes have the
smeliost geoneine arcas of the U Michigan samples evaluated. The steady state currents from

b

the three steaios ae very sinlar and give an ESA at the sfow scan rates that 1s close wo the
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geometric arca This area and the shape of the ¢yclic voltammograms has remained relatively
stable tor muck longer periods with the ribbon cable probes than for previous electrodes in which
the electrohvte penctrated contacts on the po boards. The ESA based on the high sweep rate
capacitunce measurenients, however. are significantly larger than the geometric areas and are
more variable from electrode site to electrode site. In addition. the data from the Ru scan rate
studies were limited to scan rates of < 0.5 V/s because of the problem with the background
correction. Data trom the somewhat larger UL Michigan electrodes could be used at rates above 5
Vi Tas possibie that the difference between the two electrochemical responses 1s related to the
new moditicd site formaten techmgues now being used by UL Michigan [§] to ehiminate
previous problems with adheston of the Tl o the polysihicon interconnects. The electrode site
i~ ctched oo buttered HE which Jeads to some undercutting ot the dielectric lavers on the
pohvsiiicon conductors It the subsequently sputtered metal film does not make a good seul
between the polvsiheon and the diclectric 1see Figure 5 in Ref. 810 the electrode will have a
poorhy detined geometny wt s edge. The structure could result 1o increased porosity of the film.
trapping of exs con i the vordss andvor aothin Laver of electrolvte between the oxide and metal

leading o nonarorsy carrent distribution. Any ot these conditions may Jead to the buckground

sronlens we e observed at the higher scan rates.

'y



3. ELECTROCHEMICAL IMNMPEDANCE SPECTROSCOPY

Last quarter we measured the electrochemical impedance spectroscopy (EIS) on site 1 of
ribbon-cable probe Nu. 1 as part of the characterization studies. The impedance was reported for
measurements at | kHz for different bias potentials on the electrode. There was an increase in
the impedance at more negative potentials as expected since the voltammograms showed oxide
was present and the resistance of the oxide increases as it 1s reduced. There 1s potentially a great
deul more informanon available from EIS than that obtained from the single impedance value
taken at I kHz  In Quarterly Report No. 3. data from impedance measurements over a range of
freguencies was presented on a U Michigan CN8§-49 probe which had five sites with geometric
arec of SO0 um” Interpretation of this data was hindered by leakage at the sites and shorting
between e sites after long term soaking. The impedance measurements on each site were also
anutel tooa singie bies patenuad. This quarter we made complete EIS measurements on & site on
a new Nobon cebic thul hac not been subjected to pravious tesung and began the analviars of the

dute The o was 1o understand the impedance ot bare Ir before proceeding to the activated Ir

3.1. Experimental Protocol for EIS Measurements

Rinpor-canie probe Noo 4 wus mounted 1in the new electrochemical cell and a cychic
vollamimegral on sie 2 was measured in deaerated PBS over the potential range between +0.2
and -U4 N s A ACCE The OV however. showed that there was sull some oxvgen present.
After seneras hours of degassing. there was sull evidence of oxvgen. The degassing was stopped.
and the wr above the cell was allowed to equilibrate with ambient air creating a condition
between a deaerated und a non-deaerated solution. The EIS was run under this condition.

The EIS wus measured using an M378-1 setup from EG&G. An a.c. signal was.
impressed on the bias voltage supphed by a PAR 273 potentiostat. The protocol for the EIS was
to measure the impedance at each of u series of bias potentials over a frequency range of 10~ to
10™ Hz in three stages. 107 to 10 Hz . 1010 10" Hz. and 10" to 10~ Hz. The method used in the
first stage was single 10 m\ a.c sine wave for the perturbation, while the latter two stages used a

muluple sine wave with a 15 mV a.c. perturbation signal followed by a Fourier transform. The



it medsurement was made at -0.3 Vovss Ag/A¢ClL The potential was then increased by 0.1 V
merements up e oa tinal potential o 0.3 N vss Ag/AgCl This protocol is different from that used
on site 1 ot ribhon-cable probe T tor which the bias potentials were taken in a random sequence
over the potential runye. The data were analvzed using the EQUIVCRT.PAS program written by
G. Boucamp [9]
Because complete deaeration was not achieved prior to the first EIS measurement. a second
measurement was made ma solutton that was successfully deaerated by sealing the hd of the cell
more ughtlv. The OV ure compared in Figure 3 11w, The smaller current in the region from -
O 2t -0 N v A ACC] tor the pre BEIS #27 showed reduced presence of oxvgen.. The very
shrghtiy mgher current posiine ot 0.0 N vy Ag/AeCh however, indicated there was u hitle oxide
on the electrode that was not evident in the OV before the first EIS measurement. Atter the EIS
was repedted. o OV was again teken. The Jevel of oxvgen was comparable to that at the
begmnimyg of the first FIS measurement. but there was no indication of additional activation due
e second BEIS measurenent
Tuble 31 summanizes the properties of the electrodes analvzed with EIS. The tuble
sinoves that the mupedance measurements at 1 kHz and o bras of 01 NV v Ae/AeCl are n
Juabiiatinve agreement with the OV data regarding the extent of oxide on the sttes. Both
preasurenients showed that the sie with the feast umount ot oxide was site 2 of ribbon-cable
pronde Noo 4 obetore the tist test. The neat deast “activated™ site was the sume site used tor the
second BIstest Toe OV of site 1o nbbon T shown i Froure 3 behy shows apeak wt-10 Vv
Ao O imdicative of e presence of onide. This site had been subjected to o full scan rate
stady wath Rooas well o soaking i PBS tor two davs and had the most oxide on it. This oxide
Lver appears to e ncreased atter the EIS. The amount of oxygen in the electrolvie or
adsorbed on the elecirode surtface was smallest tor the second EIS run on site 2. followed by the
gl BIS run on osite 20 and finally the BIS run on R1-S1. Thus, the desired condition of
micasuring the BIS onasie with nuimimial oside and no influence from oxvgen was not achieved.

Nevertheioss, the data provide miportant intormation on the effects of oxvgen and a small degree

ol achvatior on e IS
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Figure 3]

ta Cyelic voltammograms of site 2 of U Michigan ribbon-cable probe No. 4 before
the tirst EIS measurement. and before and after the second EIS measurement. (b
Cyclie voltammograms of site [ of UL Michigen ribbon-cable probe No. 1 before and-
atter the EIS measurement. The electrolyvie was 0.1 M PBS and the sweep rate was
305N/



Tuble 3.1 Electrodes charactenized with EIS

Elecuode ™ Inipedunce chohm PBS Efectrolvie Comments
R4-S2-T1 60U purtiaily deaerdated  first exposure to PBS.

CV shows no oxide evident initially
R4-§2-12 780 deaerated CV shows very thin oxide layer
R1-Si-1i 200 non-deaerated previous Ru scan test.

electrode soaked 2 davs in PBS.
CV shows thin oxide laver

* R.S.and T refer to the ribbon number. the site number, and impedance measurement number,
respectinnely

Measured at I kHz 1in PBS on electrode brased at 0.1V veo Ag/AgClL
3.2. Three-Dimensional Plots of EIS Data

The data trom the EIS wre plaied in a three-dimensional Bode plot in Figures 3.2 to 3.4
for the three studies The Bode piots explicith show how the impedance magnitude. Z. and the
nhase angle. Bovars with trequeney. The phase angle 1s the angle between the current phase and
that ot the apphicd potentad A value of 8 ot 07 indicates the syvstem 1s behaving like a resistor
while oovalue o -9 means the systens s reacting to the accs stgnal like @ capacitor. These plots
nely te visuadze e quaditetive ditferences tor the three measurements. The figures are 1n the

cracr of inereasing wiounts ol OXNYGEN 10 the electrolvie, but the middle figure 1s the site with
feast wpount of OXIDED The most striking result trom the comparison of the phase angle plots iy
the smadi phase angie obtamed at fow frequencies and negative bias indicating the system iy
bobaving e ke resistor Tne etiect 1s most pronounced for the measurements made i the
tae clectrorites witk the most osvegen. The potential region coincides with the reduction ot
onveen wihicl inay be either i solution or adsorbed on the surface of the electrode. This
reducuon reaction s highlyv rreversible and thus will have a slow rate constant tfor electron
anster - The slow rate constant means the eftect of oxvgen reduction will be observed at fow
frequencies 1 the BIS as seenin Frgures 3 5 and 3 4

The other gqualitaunve feature evident mn the phase angle plots 1s the shape of the surfuce

over the treguenay range rom 1o 107 Heo For the electrode site with the least oxide. Figure 3.3,

as the freguency mereases, there s o small hump peaking at abovt 10 Hzo This behavior is

[
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Figure 32 Three-dimensional Bode plots of EIS (study 2) of site-2 of U. Michigan ribbon-cable
NO 4 tuken in deaerated PBS.
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Frovre 200 Three-dimensionad Bode plots o1 EIS (study Ty of site-2 of UL Michigan ribbon-cable
N2 taken i partially deacerated PBS
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Three-dimensional Bode plots of EIS (study 1) of site-1 of U. Michigan ribbon-cable
No. 1 taken in aerated PBS after completion of Ru scan rate study.



amilar to that observed i the first impedance measurement on sites #3. 4, and 5 on probe CN&-
49 isee Figure 2.4 01 Quarterhy Progress Report Noo 350 For the site with @ shght amount ot
oxide Frgure 2 20 the absolute value of 8 decreases slowly with increasing frequency. Again. a
comparable treguency dependence wuas observed on probe CN8-49 for the first impedance
measurement on sites #1oand 2. For the site with the most oxide there 1s a steep decrease in the
phase angle above 100 Hzo It the similar rends with frequency in the phase angle plots for the
sttes on CN&-39 retlect different amounts of oxide as we believe they do on the ribbon cables.
the impedance measurenments provide a sensitive method for detecting thin oxide layvers. For the
thin oxides Javers, this dependence is relatively insensitive to the bias potential.

[ o more dirheult to see qualitative changes in the 3-D plots of the impedunce values for
the difterent electrodes Fioure 23 08 a plot ot the impedance at three frequencies vs. potential
The pion shows as expected. that at all freguencies the 1impedance decreases as one proceeds
frony the electrode with the Jeust oxide. R4-S2-110 to that with the most oxide. R1-Si-11. For
hoth measaremienis on R4-S2 there s relatively hinde sensiuvity 1o potential at frequencies above
[0 Hz o This result remtorees the evehie voltummogram data showing that the oxide laver is very
Urnoon REN2-120 There as the eapected ~hght rend to higher impedance at negative potentials
for RG-S which s shiohth more onades At the fower trequencies. there 1s a decrease 1 the

pipedance ol negaine bras when oxygen s present. The lower impedance. which corroborates

the trend seen in the plots of the phase angle. retlects the low resistance path for electron transfer

provided by the electrochemical reduction of oxy gen,

3.3, Circuit Analyvsis of the EIS Data

It EIS s o provade o technigue 1o characterize changes or defects in the electrodes. an
Caditalent clectionie cicuit must be tound to use as the “transform™ to relate the EIS data 1o the
clectrode and clectroinvte properties We have previously investigated these relatonships tor
L ger actinvated irrdiang elecurodes [10] and sputtered indium oxide [11]. The current work sechs
to extend the analvsis o ulranucroclectrodes used for stimulation and to conditions more

reichant oo v o eperation
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Figure 3.5 Comparison of the magnitude of the impedance as a function of electrode bias at
three trequencies for the three EIS measurements. ( V) Site 2. Ribbon No. 4, least
oxide. nondeaerated PBS. ( O ) Site 4. Ribbon No. 4. very thin oxide. deaerated
PBS.OJ i Site 1. Ribbon No. 1, thin oxide. aerated PBS.
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This quarter we hegan o evaluate ditterent electronic cireuits to fit the data in Figures 3.2 10 3.4

Toe iming cicelt diagram was the one used previously tor activated indium {101 shown m

Schieme T Here O s the dochle laver capacitance und Ry, is the reacuon resistance. CPE 1~ the

Constant phase clenent which v a frequeney dependent impedance used in fitung the date. The
Cooand R e are o capadiiance and resistance. respectively. assoctated with properties of the
Onide Tl O s attemipls o Gt the data to this areat have not led o values tor the cureut

We ure i the process. therefore. of modifving the
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that wio phvscadly stgmneant

Sot Rion as vet 1 these moditications are required because of the thin oxide

R Be struclute of tie electrodes. or inntations of the mstrumentation,
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4. WORK FOR NEXT QUARTER

Additonal ribbon-cable probe Ir microelectrodes will be tested to resolve the questions of
the high background observed at high sweep rates in the Ru scan rate studies. Sites on the probes
will be activated und EIS measured to determine the relationship between the impedance and the
properties of the oxide films. This information will also help determine if there are anv problems
with the new formation techniques being used to make the electrode sites. We will also begin

sputtening films of Ru/Ir alloyvs to determine if higher charge injection or improved electrode

stabihity results from the activated aljovs.
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